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Abstract
Purpose Navigation-based total knee arthroplasty (TKA) has
proven its value for restoration of the limb axis. However,
patient-orientated results after TKA show a wide variation from
the correct implantation technique. Nonphysiological kinemat-
ics without posterior femoral rollback and tibial internal rotation
in flexion could be one reason for this. We postulated that a
modified gap-balancing technique with navigation of the tibia
alone, in comparison to a conventional navigated technique,
would: (1) obtain lateral femoral rollback, (2) alter condylar
liftoff without midflexion instability, (3) significantly differ in
femoral and tibial cuts, (4) not be inferior in leg-axis restoration
and (5) be comparable in clinical short-term scores.
Methods In this prospective study, we compared in vivo
navigation-based kinematics pre- and postoperatively of 40
consecutive TKA comprising 21 conventional navigation-
based TKA and 19 TKA with the modified gap-balancing
technique and a reduced navigation workflow. All cuts were
double checked and compared with cuts proposed by the nav-
igation system. Clinical results were assessed preoperatively and
six months postoperatively.
Results The modified gap-balancing technique resulted in
significantly increased lateral femoral rollback (mean
16.3 mm) and lateral condylar liftoff (mean 1.3 mm) com-
pared to the conventional group. The modified technique
comprised an average of 2.1 mm less distal femoral resection

and an average of 4° less external rotation and 3.5° more
flexion of the femoral component compared with the control
group. Average tibial resection height was 1.1 mm greater and
average tibial slope was 0.5° elevated compared to the control
group. A neutral leg axis was achieved in all cases. Results
showed no significant differences in clinical scores between
groups.
Conclusion A partial navigation solely of the tibial cut can
securely restore the leg axis. Modification of the surgical
technique can possibly reproduce more physiological knee
kinematics with higher lateral femoral rollback in flexion
without midflexion instability. This might help reduce post-
operative problems with the new implant and thus reduce the
amount of unsatisfactory results. Despite equal short-term
results, mid- to long-term results are needed to prove whether
or not this correlates with better clinical results and at least
equal implant longevity.
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Introduction

Nowadays, surgeons must deal with a relatively high number
of unsatisfied patients after total knee arthroplasty (TKA);
Bourne et al. [8] indicate 11–18 %. Direct patient-dependent
coefficients and patient-independent factors are held respon-
sible for this: for example, body mass index (BMI), activity
level and preoperative expectations [11, 24, 27], on the one
hand, and surgical technique [10], restoration of limb axis [5]
and implant design [23] on the other hand. Few studies have
focussed on knee kinematics, which, however, might be one
reason for improving postoperative problems with the operat-
ed joint. Pre- and postoperative knee kinematics show a wide
variety of results, including mostly paradoxical forward slide
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of the femur during flexion [6, 25, 32], whereas normal knee
kinematics describe a predominantly lateral femoral rollback
during flexion [17, 18, 21].

The purpose of this prospective, randomised study was to
combine the advantages of navigated TKA with a modified
gap-balancing technique, and to compare and double check
bony cuts and the results of the modified technique to con-
ventionally navigated TKA.We tested the hypotheses that: (1)
the modified surgical technique with reduced navigation
workflow approaches natural knee kinematics with lateral
femoral rollback and tibial internal rotation with flexion; (2)
alter condylar liftoff without midflexion instability; (3) signif-
icantly differ in femoral and tibial cuts, (4) restore the limb
axis, and (5) there would be no differences in clinical outcome
measures [Knee Society Scores (KSS), Western Ontario and
McMaster Osteoarthritis Index (WOMAC)] prior to and at the
latest follow-up between groups.

Materials and methods

In this prospective study, we recruited 40 patients with primary
osteoarthritis of the knee designated for TKA in a three-month
period. Patients over 85 years, with secondary osteoarthritis of
the knee, severe varus or valgus deformity (more than 15°)
requiring a hinged implant or not willing to participate were
excluded; four patients were excluded for these reasons. Patients
provided informed consent to this study, whichwas approved by
the ethics committee (Ethic Committee Approv. Number: 11-
101-0135). All 40 patients received a standard, cemented,
cruciate-retaining (CR) condylar prosthesis with fixed platform
(PFC Sigma, DePuy, Warsaw, IN, USA), either with the con-
ventional navigation technique (21 knees, controls; group 1) or
with the modified gap-balancing technique with a reduced nav-
igation workflow (19 knees, group 2), depending on
computerised randomisation. No patella replacements were
used. All operations were performed under the direction of the
senior author using a standard medial parapatellar approach.
After exposing the knee, two passive optical reference arrays
were attached on the medial distal femur and the medial prox-
imal tibia. After determining the centre of the hip joint by
circumduction, the required anatomical landmarks (femoral
epicondyles, anterior femoral cortex, medial and lateral
malleolus, tibial plateau magnitude and anterior tibial cortex)
were acquired. The following kinematic test included passive
range of motion (ROM) frommaximum extension to maximum
flexion, during which the relative orientation between femur and
tibia was displayed in real time. Furthermore, the height of the
medial and lateral gap was recorded, measuring the deepest
points of the medial and lateral condyles in relationship to the
tibial component. The difference between medial and lateral
measurements was considered to represent condylar liftoff if it
was over one millimetre. The gaps were analysed every 10°

between 0° and 130° of flexion. This first kinematic test was
performed before cutting the anterior cruciate ligament (preim-
plantation kinematic). After prosthesis implantation, the kine-
matic test was repeated (postimplantation kinematic). Kinematic
elaboration was based on the analysis of passive ROM. For each
patient, the combination of movements was registered three
times. Intraoperative passive kinematics were measured using
the BrainLab surgical navigation system (Knee 2.5.1 BrainLab,
Feldkirchen, Germany) and analysed by the corresponding soft-
ware. The system includes an optoelectronic localiser, two re-
movable reference arrays (fixed on the femur and tibia using
seven millimetre Schanz screws) and a probe, all of which are
equipped with passive optical markers. The software allows
anatomical and kinematic data acquisitions that separately mon-
itor movement of the medial and lateral femoral condyle on the
tibial plateau (Fig. 1). It provides real-time display of knee
alignment during surgery and standard kinematic evaluations.
All kinematic analyses were recorded after temporarily occlu-
sion of the joint capsule by clamping jaws.

a) conventional group:

b) gap-balancing group:
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Fig. 1 Movement of the medial (segment left, blue) and lateral (segment
right, purple) femoral condyle on the tibial plateau during knee flexion. a
Conventional group. b Gap-balancing group
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The modified gap-balancing technique was based on the
principles of John Insall’s classic gap-balancing technique [19],
modified by Fitz et al., resulting in a medial pivoting knee
kinematic [16]. It comprised restoration of the medial condylar
J curve with less distal femoral resection (to result in a “true” cut
of eight millimetres representing implant thickness, a strict cut of
eight millimetres, but the assumed cartilage and bone loss of the
affected condyle was subtracted from this cut). To compensate
for this reduced distal femoral resection, more tibial resection had
to be performed. After osteophyte removal and ligament release,
femoral rotation was established using a double tensiometer
inserted in 90° flexion. After distraction to 90 N medially and
laterally, the posterior femoral component thickness of eight
millimetres (again, including assumed cartilage and bone loss,
if applicable) was taken off the posterior medial condyle.
Femoral sizing was adjusted using anterior referencing off the
deepest point of the trochlear groove.

Navigation workflow in group 2 consisted solely of a
navigation-controlled tibial resection. All other bone cuts were
performed by the above-mentioned technique. However, all bone
cuts were double checked and compared with the cuts proposed
by the navigation system and documented by screenshot.
Kinematic tests were performed, as described before. For the
conventionally navigated group, a ligament-balanced implanta-
tion technique was performed according to the manufacturer’s
advice (Depuy and Brainlab), which has been standardised and
previously published [4]. Patients were evaluated preoperatively
and six months postoperatively according to the KSS [20] and
WOMAC rating system [5]. Results were assessed at the outpa-
tient clinic by an independent, blinded investigator. No patient
was lost during follow-up.

Statistical analysis

We used the Sigma Plot statistical software version (Systat
Software Inc., San Jose, CA, USA). For within-group compa-
risons, we performed a paired t test or a Wilcoxon signed-rank
test. A p value<0.05 was considered to be of statistical
significance.

Results

Demographic data

The patient population consisted of 25 women and 15 men,
with an average age of 70.0 (range 49–87) years. The average
follow-up was six (range five to eight) months. There were no
statistically significant differences between groups regarding
demographic data (Table 1). All arthritic knees had varus
malalignment. Clinical scores (KSS, WOMAC) showed no
significant differences preoperatively or at the latest follow-up
(Tables 2 and 3).

There were no direct surgical-related complications during
the follow-up period. One patient developed a urinary tract
infection four days postoperatively, which was successfully
treated with antibiotics for five days. Another patient had an
ischaemic stroke six weeks postoperatively, with full recovery
after neurological treatment.

Kinematics

In the control group (group 1), lateral femoral condyle roll-
back movement compared with that of the medial femoral
condyle was increased (mean 4.5 mm); the difference was not
statistically significant. Overall movement of the medial fem-
oral condyle during knee flexion up to 130° was a mean of
13.1 mm compared with a mean of 17.6 mm for the lateral
femoral condyle (Table 4).

The modified gap-balancing technique with limited navi-
gation workflow (group 2) resulted in increased lateral femo-
ral rollback and tibial internal rotation with flexion. The
difference was statistically significant (p <0.05) (Fig. 1a, b).
In the gap-balancing group, the lateral femoral condyle
underwent increased rollback movement compared with the
medial femoral condyle (mean 6.6 mm). Mean overall move-
ment of the medial femoral condyle during knee flexion up to
130° was 9.7 mm compared with 16.3 mm of the lateral
femoral condyle (Table 4), with a statistically significant
difference.

Gaps

In our conventional cohort, the medial gap increased from
7.0 (±0.8) to 11.6 (±1.0) mm after the implantation, which was
attributable to medial release, with a statistically significant
difference (p <0.05). The lateral gap changed from 11.2 (±0.9)
preoperatively to 11.7 (±1.1) mm postimplantation, which
was also statistically significant (p <0.05). In our gap-
balancing cohort, the medial gap increased from 6.8 (±0.9)
to 10.5 (±0.5) mm after implantation, attributable to medial
release, with a statistical significance (p <0.05). The lateral
gap changed from 11.2 (±0.6) mm to postimplantation
11.8 (±0.6) mm, also statistically significant (p <0.05).

Table 1 Patient demographic data and range of motion (ROM)

Conventional
group

Gap-balancing
group

P value

Age at index
operation

70.0
min 49, max 87

72.4
min 56, max 86

>0.05

ROM preoperatively 0°/8°/102°
(min 0° extension,

max 115° flexion)

0°/9°/102°
(min 0° extension,

max 112° flexion)

>0.05

ROM 6 months
postoperatively

0°/4°/110°
(min 0° extension,

max 130° flexion)

0°/1°/108°
(min 0° extension,

max 130° flexion)

>0.05
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Condylar liftoff

Comparing gaps at different degrees of flexion and extension,
no condylar liftoff was seen in the conventional group
throughout the entire ROM. After implantation in the gap-
balancing group, we found a condylar liftoff with an increased
lateral gap between 10° and 120° of flexion. Mean difference
between medial and lateral gaps was 1.3 mm in the gap-
balancing group and 0.2 mm in the conventional group, a
significant difference (p <0.05) (Table 5).

Cut deviation

Distal femoral resection in group 2 was less compared with
group 1 (mean 2.1 mm), a statistically significant difference
(p <0.05); femoral external rotation in group 2 was less com-
pared with group 1 (mean 4°), a statistically significant differ-
ence (p <0.05); mean femoral external rotation in group 2 was
2.3° and 6.3° in group 1. Femoral component flexion in group
2 was higher compared with group 1 (mean 3.5°), a statisti-
cally significant difference (p <0.05). Tibial resection in group
2 was higher compared with group 1 (mean 1.1 mm), which
was not statistically significant (p >0.05), and tibial slope in
group 2 was higher compared with group 1 (mean 0.5°), also
not statistically significant (p >0.05).

Leg alignment

Postoperative mechanical leg axis was within the threshold of
3° in all patients. Also, radiological femoral flexion and tibial
slope matched with the obtained navigational values.

Discussion

Up to 20 % of patients after TKA complain of persistent pain
or difficulties with their new joint [8]. Besides direct patient-
dependent coefficients and preoperative expectations, patient-

independent factors, such as joint kinematics, are held respon-
sible for this. With regard to our hypotheses, the modified
surgical technique with gap balancing and restoration of the
distal (mean 2.1 mm less, p <0.05) and posterior femur
showed more physiological knee kinematics, with higher
lateral femoral rollback in flexion (mean 6.6 mm compared
with 4.5 mm, p <0.05) and without midflexion instability. The
leg axis could be restored also by navigation of the tibial cut
exclusively.

Healthy knee kinematics show a rollback movement of the
femur during flexion, particularly of the lateral femoral con-
dyle, concomitant with tibial internal rotation [15, 18, 28].
Most studies show that the medial femoral condyle hardly
moves anteroposteriorly from full extension to 120° of flex-
ion, whereas the lateral femoral condyle moves posteriorly to
a variable extent. From 120° to full flexion, both condyles roll
back onto the posterior horn [16, 17]. Knees with a
unicondylar TKA show an almost physiological combination
of movements, with a primarily rollback mechanism of the
lateral femoral condyle during weight-bearing flexion. This
motion sequence could, however, only be tracked when the
anterior-cruciate ligament was intact [1]. Knee kinematics
after TKA revealed a variety of movement patterns, including
almost physiological sequences but also paradoxical forward
slide of the femoral condyles during flexion [3, 13, 22].
Regardless of cruciate-retaining or cruciate-substituting im-
plants, normal knee kinematics are rarely observed [13, 31].
Intra-operative knee kinematics can be influenced by implant
design and surgical technique. Asymmetric or medial-
pivoting TKAs show promising results [7, 29] but lack long-
term results.

Gap-balancing implant techniques in TKA are based on
more anatomical restoration of femoral condyles concomitant
with a ligament-balanced orientation of femoral component
rotation. The modified gap-balancing technique we used in
this study was based on the protocol of Fitz et al. [16], which
takes into account the estimated bone and cartilage loss before
the bony resections. With their technique, they found tibial

Table 2 Knee Society Score
(KSS) Conventional group Gap-balancing group P value

Preoperatively 49.3 (min 0, max 77) 53.9 (min 24, max 88) >0.05

6 months postoperatively 82.1 (min 45, max 94) 78.9 (min 64, max. 93) >0.05

Function score preoperatively 51.7 (min 0 max 70) 47.5 (min 25, max 80) >0.05

Function score 6 months postoperatively 72.9 (min 35, max 100) 65.5 (min 20, max 100) >0.05

Table 3 Western Ontario and
McMaster Osteoarthritis Score
(WOMAC) score

WOMAC Conventional group Gap-balancing group P value

Preoperatively 45.6 (min 20, max 76) 53.2 (min 22, max 82) >0.05

6 months postoperatively 20.6 (min 6, max 54) 18.8 (min 0, max 50) >0.05
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internal rotation with flexion and lateral rollback of the femoral
condyles during flexion, with a greater amount of lateral con-
dyle movement. Their results were fluoroscopically confirmed.
Our intraoperative kinematic results emphasise the possibility
of restoring physiological knee kinematics intraoperatively

using a gap-balancing technique. Although we detected a fem-
oral rollback mechanism concomitant with tibial internal rota-
tion during knee flexion in both groups, we found significantly
more lateral rollback and tibial internal rotation in flexion in our
gap-balancing group. Our preliminary findings with a symmet-
rical implant show parallelism to kinematic data from study
groups using asymmetric total knee implants [7].

In line with Insall et al. [19] and Fitz et al. [16], we found
less distal femoral resection, more femoral flexion and more
tibial resection and slope in the gap-balancing group. Less
femoral external rotation with the modified implant technique
is generated by ligament tension. Pre- and postoperatively, we
achieved balanced medial and lateral gaps in flexion and
extension. However, condylar liftoff was detected throughout
almost the entire ROM in the gap-balancing group beginning
at 10° of flexion, reflecting the more physiological situation
with greater laxity of the lateral compartment leading to
rollback. In the conventional group, no condylar liftoff was
detected throughout the entire ROM. Previous studies observed
liftoff from 50 % to 86 % of cruciate-retaining TKA [7, 14, 26].
The average amount of condylar liftoff in the gap-balancing
group was 1.3 mm, which is comparable with other study
groups [7, 14], in which an average liftoff between one and
twomillimetres is described. An increasedmidflexion instability
in the gap-balancing group, however, could not be detected
clinically up to the latest follow-up. In this context, the physio-
logical condylar liftoff should be mentioned, with the lateral
joint gap showing 6.7 mm±1.9 mm (2.1–9.2 mm) and the
medial joint gap showing just 2.1±1.1mm (0.2–4.2mm) during
varus–valgus stress [30]. The postoperative mechanical leg axis
was within the threshold of 3° in all patients. Navigation solely
of the tibial cut would therefore be sufficient to securely restore

Table 4 Anteroposterior
(AP) rollback movement
of medial and lateral
femoral condyles

Patient
number

Medial
femoral
condyle

Lateral
femoral
condyle

Gap-balancing technique

1 10.3 11.5

2 6.4 9.3

3 9.8 15.3

4 6.3 12.8

5 9.1 12.8

6 8.8 16.8

7 5.7 17.9

8 6.2 12.1

9 13.0 18.0

10 17.4 27.3

11 4.4 9.0

12 9.3 14.2

13 21.0 26.4

14 9.8 19.1

15 9.6 11.5

16 4.1 21.7

17 8.5 20.1

18 11.2 16.7

19 12.7 16.3

Conventional technique

1 11.7 9.3

2 15.7 10.4

3 18.1 17

4 12.9 10.5

5 14.6 11.0

6 6.6 10.3

7 6.1 19.8

8 5.6 10.2

9 13.0 19.0

10 9.9 16.2

11 28.3 52.9

12 6.0 18.6

13 23.6 25.1

14 10.9 16.1

15 6.9 7.7

16 11.3 18.0

17 20.7 21.4

18 12.2 17.9

19 17.1 17.8

20 16.0 25.8

21 8.2 15.3

Table 5 Condylar liftoff in medial and lateral gap

Gap-balancing technique Conventional technique

Degree of
flexion

Medial
gap

Lateral
gap

Condylar
liftoff

Medial
gap

Lateral
gap

Condylar
liftoff

0° 9.6 10.5 0.9 10.3 10.5 0.2

10° 9.8 10.9 1.1 10.4 10.7 0.3

20° 10 11.3 1.3 10.7 11 0.3

30° 10.2 11.6 1.4 11 11.1 0.1

40° 10.4 11.8 1.4 11 11 0

50° 10.4 11.8 1.4 11.2 11.3 0.1

60° 10.7 12.1 1.4 11.2 11.1 0.1

70° 10.8 12.1 1.3 11.4 11.2 0.2

80° 10.8 12.2 1.4 11.7 11.5 0.2

90° 10.9 12.1 1.2 12.2 12.2 0

100° 11 12.2 1.2 12.1 12.1 0

110° 11.1 12.2 1.1 12.3 12.4 0.1

120° 11.1 12.2 1.1 12.6 12.9 0.3
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leg axis, with concomitant enormous saving in additional time
needed for navigation. Furthermore, this partial navigation tech-
nique can also be performed using a reduced, pinless, naviga-
tional workflow with high accuracy, which further reduces
complications of pin placement [2].

There are several limitations of our study. Overall, our
results did not include weightbearing, and we lack additional
confirmation due to missing fluoroscopic investigations.
Much published data concerning knee kinematics is based
on weightbearing trials, making it difficult to compare our
results. Using MRI, Johal et al. [21] compared tibiofemoral
movement in ten weightbearing and nonweightbearing
Caucasian knees and found tibial internal rotation during
flexion in both groups but with an earlier and greater magni-
tude of rotation in the weightbearing group. Our results,
however, are in line with previously described studies [16,
19], and we used a navigation-based visualisation technique
that has not been described thus far. Furthermore we advise
caution comparing our condylar liftoff results with other study
groups [7, 15, 29]. Differences might be attributable to the
nonweightbearing situation intraoperatively and to our defini-
tion of condylar liftoff beginning at a difference of over one
millimetre between medial and lateral gaps. There is no com-
mon definition of condylar liftoff, which is diversely de-
scribed as being between 0.75 and two millimetres [7, 12].
Also, different measuring techniques from the distance of the
lowest point of the medial and lateral condyle to the closest
point on the tibial polyethylene insert or to the tibial plateau
are described [7, 9, 12]. Condylar liftoff, however, does not
correlate with pain or instability [14] but is supposed to
improve functional performance [12].

Partial navigation solely of the tibial cut can securely
restore the leg axis. Modification of the surgical technique
can possibly reproduce more physiological knee kinematics
with higher lateral femoral rollback in flexion without
midflexion instability. This might help reduce postoperative
problems with the new implant and thus the number of unsat-
isfactory results. Despite equal short-term results, mid- to
long-term results are needed to confirm whether or not this
technique correlates with better clinical results and at least
equal implant longevity.
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